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Abstract 
The article conveys the influence of the type and the percentage of a number of fillers to the aromatic polyamide Phenylone C-2 
on the physical and mechanical and tribological characteristics. Tribological tests were carried out on the friction machine II-
5018 according to the scheme "finger-roller" at a fixed rate of sliding friction and stepwise loading. There are graphs of the 
changes of the friction coefficient value. A study of the surface of the metal counterbody (rollers) after friction was conducted in 
order to analyze the effect of different nanodimensional additives to composites on the micro relief of friction surface. aR  í a 
parameter of changes in the average roughness was used as the main criterion in assessing the micro relief of the surface. The 
obtained values of the counterbody's roughness after friction made it possible to carry out a comparative evaluation of the wear 
resistance of the tested samples. Physical and mechanical properties of composites of different composition were studied by 
nanoindentation. One of the main and most interesting characteristics identified during nanoindentation is a micro-hardness. 
According to the test results for all the test materials, they have less micro-hardness comparing to "pure" Phenylone. Alongside 
with micro-hardness, we calculated there characteristics: modulus of elasticity, the ratio of the hardness of the material to its 
elasticity modulus, which is called the material plasticity index, and the ratio 23 /H E which is the qualitative comparative 
characteristic of the plastic deformation resistance. A set of conducted research allows choosing the most rational compositions 
of the fillers. 
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1. Introduction 
Creating non-lubricated friction units with more operational resources and minimal friction losses is an urgent 
task. Currently, Russian industry is experiencing a shortage in construction materials for its own production of 
friction units working under severe conditions (plain bearings, face seals, piston rings, etc.). In some cases, non-
ferrous metals and alloys (bronze, Babbitt and others) are used for such purposes but these materials have a number 
of significant drawbacks. In this context, polymer composite materials are beginning to gin more and more 
popularity began [1-3]. 
One of the most promising methods of creating polymeric composite materials with new or advanced properties 
is the introduction of different types of nanomodified fillers and nanodimensional additives into the polymer matrix 
[2, 4-9]. The properties of composite materials with nanodimensional additives significantly differ from composites 
with macro disperse fillers due to the developed surface and high surface activity [10-12]. 
Economically, it is advisable to create composite materials based on such polymers, which are characterized by 
capacity for their production, for example, aromatic polyamide Phenylone C-2, used for the manufacture of 
components operating in extreme conditions. 
Phenylone is different in sufficiently high deformation-strength parameters, high wear resistance, and chemical 
resistance to aggressive media, dimensionally stable over a wide temperature range. However, the possibilities of 
using this material in friction units are limited by virtue of sufficiently high values of the friction coefficient [13]. 
Choice of fillers can change the Phenylone functional properties using the effect of friction surfaces adaptability, 
including on the nanolayer due to the formation of specific secondary structures, which constitution is caused by the 
friction action of nanodimensional additives. Tribological characteristics of friction unit are largely caused by the 
properties of the surface layer of 3-30 nm thickness. The use of nanodimensional particles promotes the formation of 
new compounds in the surface layer, differed by high wear resistance that is especially peculiar for the extremely 
high loads [14]. 
One of the most promising areas of selection of the fillers is the use of natural minerals in tribotechnical practice 
dispersed to colloidal state. This direction is based on the ability of minerals belonging to the class of silicates: 
magnesium hydrosilicates (layered structure), aluminum silicates (framework structure) and mixed oxides (spinel-
type structure) to form chemical compounds built as the coordination type under friction or special environments. 
While introduced into polymers in minor amounts (up to 10 wt. %) these minerals are capable, to improve the 
tribological working coefficient of tribological conjunction up to the level of action of chemically-active additives of 
high quality. These minerals are [4-5]. What is more, increasing of filler dispersion can minimize the filling degree 
of the polymer matrix in which its strength and durability increases without increasing the elastic modulus, hardness 
and friction coefficient. 
This paper presents a comprehensive study of polymer composites with the matrix based on Phenylone C-2 with 
polytetrafluoroethylene as basic filler and various nanoadditives. The aim of the research was to determine the 
optimal composition of the composite, which would have both high strength properties and good tribological 
characteristics. 
2. Composite tribological tests 
Polymer composites in which Phenylone C2 is used as initial polymeric matrix were selected for the research. As 
for the fillers it was selected fluororesin powder F4MB (copolymer of tetrafluoroethylene with 
hexafluoropropylene) in an amount of 10-20%, arimid fiber Arimid-T, ground to 4-5 mm size, in an amount of 5-
10%, and nanodimensional additives - spinels of some metals (Mn, Mg, Fe), serpentinite - 3-5%. 
Composite materials were prepared by mixing the powder of the polymer matrix with filler powders in a high 
speed mixer. The process of forming of the selected samples consisted of several stages. The briquetting of 
Phenylone powder with fillers in a mold is carried out without heating at a pressure of 500 kg/cm2. Drying of the 
obtained briquette of Phenylone with fillers is carried out at 200°C for one hour. Hot pellets are placed in a 
preheated mold and maintained for 1 minute. Then they are pressed at temperature of 320-340oC and at a pressure of 
500 kg/cm2 for 1 min. Final operation is the sample cooling together with the mold to 100°C, followed by pressing 
out the finished sample. Samples present cylinders of 10 mm diameter having a metal mandrel and polymer 
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composite with overall length of 20 mm pressed inside it. Rollers Ø40 10 mm made of ST45 steel with a hardness of 
48 ... 52 HRC and roughness aR = 1,25 micron served as counterbodies. 
Tribological tests were carried out on the friction machine of Amsler II 5018 type according to a scheme on a 
"finger-roller" without the external supply of lubricant. The roller is rotated at a predetermined frequency of 189 
rpm. The finger pattern is brought into contact with a rotating roller perpendicular to the roller axis of rotation. The 
load (209H, 310H, 420H, 520H, 620H, 720H, 820H, 920H, and 1020H) is applied stepwise to partial insert. Each 
load test lasts for 30 minutes. During the whole time of the test the continuous recording of moment of the friction 
force on the lower shaft of the machine is carried out. Test time is measured with a stopwatch. 
The measurement results of the friction coefficient of certain compositions are presented in the graphs (Fig. 1-4). 
 
 
Fig. 1. Sample Phenylone + Arimid 5% + Fuoroplastic 10% + Spinel 3%, v=189 rpm 
 
Fig. 2. Sample Phenylone + Arimid 5% + Fluoroplastic 20% +Serpentinite 3%, v=189 rpm 
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Fig. 3. Sample Phenylone + Fluoroplastic 10% + Spinel 5%, v=189 rpm 
 
Fig. 4. Sample Phenylone + Fluoroplastic 20% + Spinel 5%, v=189 rpm 
According to test results, it was found that while introduction F4MB filler (10-20%) and Arimid (5%) into 
Phenylone (FS-2), the samples become more resistant to increase of contact pressures. The friction coefficient 
reduces from 0.45 (pure Phenylone) to 0,23-0,2. While introducing nanodimensional  serpentine and spinel of 3% 
concentration the friction coefficient reduced to 0,22), and even to 0.18 (Fig. 1-2). Increasing spinel concentration to 
5% leads to the reducing of friction coefficient to 0.15 (Fig. 3-4). At the similar increase of serpentinite percentage 
the friction coefficient remains practically unchanged. 
Thus, the introduction of nanodimensional mineral additives significantly improves the tribological properties of 
the composite. The best tribological characteristics were obtained for compositions Phenylone C-2 + Arimid 5% + 
PTFE (20%) + serpentine (3%), Phenylone C-2 + PTFE (10%) + Spinel 5% and especially for Phenylone C-2 + 
PTFE (20%) + Spinel (5%). 
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3. The study of the state of the friction surfaces on the submicro level, formed under the influence of additives 
Surface analysis system is equipped with a lens with a 10-fold magnification. The area of the scanning lens is 
0.371 mm2. Software MetroPro 9F was used for transformation of the data obtained by 600 NewView. The data are 
converted to graphics and digital results displayed on the screen aR  í a parameter of changes in the average 
roughness was used as the main criterion in assessing the micro relief of the surface. 
Identification of wear mechanisms is carried out by the presence of: scratch, setting tracks / tearing-out / edging 
of material, etc. 
Each sample was studied in 3 points, and the average value Ra was calculated. Original roller (before friction) 
obtained by grinding had an average roughness avga,R = 0,402 microns. Baseline was selected in a direction 
transverse to the friction track. The values of aR  parameter measured in microns for each roller was recorded in 
Table 1. 
Table 1. Averages values of roller roughness after friction with composites 
Number of roller Composite material 
Value of 
roughness, μm 
3 Phenylone + Arimid 5% + Fluoroplastic 10% 0,626 
4 Phenylone + Arimid 5% + Fluoroplastic 20% 0,652 
14 Phenylone + Arimid 5% + Fluoroplastic 10% + Serpentinite 3% 0,608 
15 Phenylone + Arimid 5% + Fluoroplastic 10% + Spinel 3% 0,613 
16 Phenylone + Arimid 5% + Fluoroplastic 20% + Serpentinite 3% 0,702 
19 Phenylone + Fluoroplastic 10% + Serpentinite 5% 0,728 
20 Phenylone + Fluoroplastic 10% + Spinel 5% 0,515 
21 Phenylone + Fluoroplastic 20% + Spinel 5% 0,662 
 
It is known [15] that the value of surface roughness after friction is correlated with a value of weighting wear. It 
allows carrying out a comparative assessment of durability of the tested samples. 
4. The study of physical and mechanical properties of nanocomposites of various compositions by 
nanoindentation method 
Nanoindentation is a process of repeated immersion of the indenter with known mechanical properties in the 
tested material. The data obtained as a result of indentation are automatically treated, and the dependence of the load 
on the depth of penetration for each cycle of "loading - unloading" is constructed. Then the calculations of the 
physical and mechanical characteristics of the tested sample are made on the basis of these data, using specific 
methods of analysis [16-17]. 
The study of physical and mechanical properties of nanocomposites with a matrix based on Phenylone and 
various nanodimensional additives by nanoindentation method was carried out on NanoTest 600, the complex for 
determining physical and mechanical properties of materials. It allows exploring the material at low and ultra-low 
loads within the limits up to 500mN with resolution up to 30nN on load and 0.04nm on penetration depth.  
During the experiment there was used a diamond indenter of conical shape with a cone angle of 90° and the 
radius of curvature 25mkm at the vertex. Standardized values of elastic modulus and Poisson's ratio were set for the 
diamond. Elastic modulus is 1E =1141 GPa, Poisson's ratio is 1X = 0,07. 
The procedure of nanoindetation consisted of 40 shots for each prepared sample. All shots were divided into 5 
columns. The distance between the shots in the same column was 50 micron; the distance between the column was 
also 50 micron. The same maximum force of  indentation was sset as 150 mN and rate of rise and the rate of load is 
relieving was set as 0,2 mN/s in each “loading - unloading” cycle. 
Time lag of the indenter in the static position at the maximum load was set to 5 seconds to determine the creep 
degree of  the material. While unloading, when the value of the applied force was reduced to 20 mN, the 
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temperature drift with 60 seconds pause was set in order to exclude the possibility of the temperature effect on the 
final results. P – h – diagram of load depending on the penetration depth of an indenter was built and maintained for 
each cycly of  “loading - unloading”. Average results of experiments for each sample are presented in Table 2. 
 Table 2. The average values of the mechanical characteristics of composites 
Material Hardness H , GPɚ Modulus of elasticity E , GPɚ H/E  
23/EH  
1. Phenylone + Arimid 5% + Fluoroplastic 20% 0,246297 4,426975 0,05545 0,000781 
2. Phenylone + Arimid 5% + Fluoroplastic 20% + Serpentinite 3% 0,263467 4,668217 0,05619 0,000867 
3. Phenylone + Arimid 5% + Fluoroplastic 10% + Spinel 3% 0,291777 5,085956 0,057252 0,000966 
4. Phenylone + Ɏɬɨɪɩɥɚɫɬ 20% +  Spinel 5% 0,295217 5,000024 0,058834 0,001049 
5. Phenylone + Arimid 5% + Fluoroplastic 10% + Serpentinite 3% 0,299445 5,186915 0,057568 0,00101 
6. Phenylone + Fluoroplastic 10% + Serpentinite 5% 0,301784 5,322778 0,056771 0,000991 
7. Phenylone + Arimid 5% + Fluoroplastic 10% 0,312454 5,148293 0,060625 0,001157 
8. Phenylone + Fluoroplastic 10% + Spinel 5% 0,333184 5,15427 0,064605 0,001401 
9. Phenylone 0,394712 5,95026 0,066351 0,001741 
 
One of the main characteristics of greatest interest during nanoindentation, is a micro-hardness. According to the 
test results from all the test materials have less micro-hardness comparing to "pure" Phenylone. 
That is connected with the addition of significant amounts of Fluoroplastic while manufacturing the composite 
[18]. Fluoroplastic is used to improve the tribological characteristics of the obtained material. However, it has 
sufficiently low strength characteristics. Thus, the more it is added to the original matrix, the greater the strength 
properties of the obtained composite are reduced. This is also confirmed by the calculations presented in the paper 
[18]. 
Alongside with micro-hardness, we calculated there characteristics: modulus of elasticity, the ratio of the 
hardness of the material to its elasticity modulus, which is called the plasticity index of the material, and the ratio 
23 /EH ,which is the qualitative comparative characteristic of the plastic deformation resistance. The research 
showed there is no direct connection between H and E values, i.e. increase the hardness of the material does not 
always lead to increase of its modulus of elasticity. And according to the physical meaning of the value 23 /EH  to 
increase the resistance to deformation at high hardness is necessary to strive to the lowest possible modulus of 
elasticity. Thus, it can be concluded that the best composites possessing strain resistance are composites 4, 7 and 8. 
They have the biggest coefficient of elastic recovery. 
The value H/E  describes the ability of a material to change its size and shape during the deformation process. It 
can serve as a qualitative comparative characteristic of the material resistance to the deformation under mechanical 
loading. It is also used to characterize the ability of materials to wear at friction. According to this characteristic all 
materials can be divided into three groups. The first group includes macrocrystalline materials (mainly metals and 
alloys). H/E< 0,04 for them. The second group includes fine-grained and nanomaterials (the materials exposed to 
high degrees of deformation, ceramics, coatings). |H/E 0,05 – 0,09 for them. The third group is represented by 
metals in amorphous and amorphous-crystalline states ( H/E> 0,1). On this basis, all the investigated materials can 
be attributed to the second group. 
5. Conclusion 
Conducted test allow drawing a conclusion about the change of tribological, physical and mechanical properties 
of polymer composite material with a matrix based on phenylone C-2, depending on the percentage of the basic 
PTFE filler and nanodimensional additives of serpentinite and spinel. Based on these results we can conclude that 
the composite with such composition is the most suitable for use in non-lubricated friction units. 
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